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We compute photon production at early times in semi-central relativistic heavy-ion collisions from
non-equilibrium gluon fusion induced by a magnetic field. The calculation accounts for the main
features of the collision at these early times, namely, the intense magnetic field and the high gluon
occupation number. The gluon fusion channel is made possible by the magnetic field and would
otherwise be forbidden due to charge conjugation invariance. Thus, the photon yield from this
process is an excess over calculations without magnetic field effects. We compare this excess to the
difference between PHENIX data and recent hydrodynamic calculations for the photon transverse
momentum distribution and elliptic flow coefficient v2. We show that with reasonable values for the
saturation scale and magnetic field strength, the calculation helps to better describe the experimental
results obtained at RHIC energies for the lowest part of the transverse photon momentum.
PACS numbers: 25.75.-q, 25.75.Cj, 12.38.Mh, 13.40.Ks
Heavy-ion reactions carried out at the BNL Relativis-
tic Heavy-Ion Collider (RHIC) and at the CERN Large
Hadron Collider (LHC) produce magnetic fields with an
initial intensity in the interaction region estimated to be
as high as several times the mass of the pion squared [1].
Due to event-by-event fluctuations of protons in the tar-
get and the projectile, it has been shown [2] that the
magnitude of the magnetic field can be of the same order
in central and in peripheral collisions. Nevertheless, the
field strength reaches its highest values for non-central
collisions. Although event-by-event, the intensities of
both of the components transverse to the beam axis are
comparable, the mean of the component along the re-
action plane is centered at vanishing intensity. There-
fore, unless event-by-event observables are studied, only
the field component perpendicular to the reaction plane
needs to be accounted for. These intense fields are how-
ever short lived and they fade out fast with time.
A magnetic field makes possible the production of pho-
tons from processes otherwise not allowed. For instance,
it has been shown that the QCD trace anomaly can
turn the energy momentum of the soft gluon bulk into
photons [3]. Photons can also be emitted by magnetic
field induced bremsstrahlung and pair annihilation in the
quark-gluon plasma (QGP) [4]. In addition, quarks can
emit photons by synchrotron radiation [5]. Other ap-
proaches to study photon production in the presence of
an intense magnetic field include the gauge/gravity corre-
spondence in a strongly coupledN = 4 plasma [6]. These
novel calculations have recently been implemented to try
explain the experimentally measured excess [7–9] of pho-
tons over models that describe well other low momen-
tum observables. The enhanced production of photons
and their azimuthal anisotropy in heavy-ion reactions has
also been studied in the absence of magnetic field effects,
e.g. from the deceleration processes of the two colliding
nuclei [10], from the modification of the quark and gluon
distributions [11], from glasma induced processes [12, 13]
and from the delayed formation of the QGP [14].
A magnetic field naturally produces an asymmetry in
the emission of electromagnetic radiation since it pro-
vides a direction that breaks translational symmetry.
Therefore, magnetic fields can be a source of not only an
excess in the photon yield, but also of the puzzling large
strength of the coefficient v2 in the Fourier expansion of
the azimuthal distribution. The latter has been found
to be as large as that of pions [15]. Although some re-
cently improved hydrodynamic [16, 17] and transport [18]
calculations obtain a better agreement with ALICE and
PHENIX measurements of low and intermediate trans-
verse momentum photons, this agreement is not yet com-
plete [19]. Therefore, it remains important to quantify
the fraction of the yield, and of the asymmetry arising
from magnetic field effects, if any, to better characterize
the initial stages of heavy-ion reactions.
Notice in addition that it is also at the earliest times of
a high-energy heavy-ion collision that the largest gluon
occupation number is achieved, due to the shattering of
the over-ocupied initial state called the glasma [12]. It
is then natural to explore a mechanism where collisions
of these non-equilibrated gluons induce the emission of
photons accounting at the same time for the presence of
an intense magnetic field.
In this work we compute the production of prompt
photons from the perturbative fusion of low momen-
tum gluons coming from the shattered glasma, which
are highly abundant early in the collision due to satu-
ration effects, that are important from times of order
2τs ∼ 1/Λs, where Λs is the saturation scale [20], up to
a time ∆τs ≃ 1.5 fm [12]. Since the intensity of the
magnetic field decreases fast with time, here we assume
that the field’s magnitude can be represented by a sin-
gle value, though during a short early period of time of
order ∆τs. This is a simplification that leaves room for
improvement [21]. A similar approach, albeit in the con-
text of thermalized gluons and with a series of simpli-
fying approximations was attempted in Ref. [22]. Here
we perform a more complete calculation without resort-
ing to assuming early gluon thermalization and without
kinematical restrictions.
Since the presence of a magnetic field breaks transla-
tional invariance, the amplitude for the process has to
be computed in coordinate space and subsequently inte-
grated over space-time. The lowest order process in the
strong, αs = g
2/4π, and electromagnetic, αem = e
2/4π,
couplings come from an amplitude made out of a quark
triangle diagram with two gluons and one photon at-
tached each at one of the vertices of the triangle. As
stated in Refs. [12] and [13], the over occupied gluon state
can be described as made out of quasi-particles, therefore
perturbative methods are applicable.
The quark propagator is written in its coordinate space
representation as [23]
S(x, x′) = Φ(x, x′)
∫
d4p
(2π)4
e−ip·(x−x
′)S(p) , (1)
where
Φ(x, x′) = exp
{
i|qf |
∫ x
x′
dξµ
[
Aµ +
1
2
Fµν(ξ − x′)ν
]}
, (2)
is called the phase factor and qf is the quark’s charge.
We consider the contribution of three light flavors, thus
qu = 2e/3 and qd = qs = e/3.
The Fourier transform of the translationally invariant
part of the propagator is given by
iS(p) =
∫ ∞
0
dτ
cos(|qfB|τ)e
iτ(p2‖−p
2
⊥
tan(|qfB|τ)
|qfB|τ
−m2f+iǫ) ×[
(cos(|qfB|τ)+γ1γ2 sin(|qfB|τ))(mf + 6p‖)− 6p⊥
cos(|qfB|τ)
]
,
(3)
where mf is the quark mass. We have chosen the homo-
geneous magnetic field to point in the zˆ direction, namely
B = Bzˆ. This configuration can be obtained from an ex-
ternal vector potential which we choose in the so called
symmetric gauge Aµ = B2 (0,−y, x, 0). We have also de-
fined pµ⊥ ≡ (0, p1, p2, 0), pµ‖ ≡ (p0, 0, 0, p3), p2⊥ ≡ p21 + p22
and p2‖ ≡ p20 − p23, and therefore p2 = p2‖ − p2⊥.
The expression for the amplitude is given by
M˜ = −
∫
d4xd4yd4z
∫
d4r
(2π)4
d4s
(2π)4
d4t
(2π)4
× e−it·(y−x)e−is·(x−z)e−ir·(z−y)e−ip·ze−ik·yeiq·x
×
{
Tr
[
iqfγαiS(s)igγµt
ciS(r)igγνt
diS(t)
]
+ Tr
[
iqfγαiS(t)igγνt
diS(r)igγµt
ciS(s)
] }
× Φ(x, y)Φ(y, z)Φ(z, x)ǫµ(λp)ǫν(λk)ǫα(λq), (4)
where the space-time points z, y and x correspond to
the vertices where the gluons with four-momenta p and
k (Lorentz indices µ and ν) and the photon with four-
momentum q (Lorentz index α) are attached, respec-
tively. The factors tc, td are Gell-Mann matrices. The
polarizations vectors for the gluons and the photon are
ǫµ(λp), ǫ
ν(λk), and ǫ
α(λq), respectively. The two traces
correspond to the two possible ways the charge flows in
the triangle.
The product of phase factors can be written as
Φ(x, y)Φ(y, z)Φ(z, x) = ei
|qfB|
2 ǫij(z−x)i(x−y)j , (5)
where the indices i, j = 1, 2 correspond to the transverse
components of the corresponding vectors and ǫij is the
Levi-Civita symbol. We used the explicit form of Aµ
which gives F12 = −F21 = −B, with the rest of the com-
ponents of Fµν vanishing. The integrations over space-
time points in Eq. (4) are carried out more easily by
making the change of variables ω = z − x and l = x− y,
after which one gets∫
d4xd4yd4zΦ(x, y)Φ(y, z)Φ(z, x)
× e−ir·(y−x)e−is·(z−y)e−it·(x−z)e−ip·ze−ik·yeiq·x
= (2π)4δ4(q − k − p)
×
∫
d4ωd4le−iω·(r−s+p)e−il·(r−t−k)ei
|qfB|
2 ǫijωilj , (6)
which exhibits the overall energy-momentum conserva-
tion in the process.
We now use the fact that when the magnetic field is
very intense, as compared to the other energy (squared)
scales involved in the computation of this amplitude, the
quark dynamics is dominated by the lowest Landau lev-
els. For the case of non-thermal quarks, this means that
the magnetic field is taken to satisfy eB ≫ m2f . We thus
hereby set mf = 0.
For the lowest (LLL) and the first excited (1LL) Lan-
dau levels, the corresponding propagators can explicitly
be written as [24]
SLLL(p) = −2ie−
p2⊥
|qfB|
6p‖
p2‖
O+‖
S1LL(p) =
e
−
p2
⊥
|qfB|
p2‖ − 2|qfB|
×
{
6p‖O+‖
[
1− 2p
2
⊥
|qfB|
]
− 6p‖O−‖ + 4 6p⊥
}
.(7)
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FIG. 1. Feynman diagrams representing the dominant contri-
bution for magnetic field gluon fusion induced photon emis-
sion. The double lines represent that the corresponding prop-
agator is in the 1LL. The arrows in the propagators represent
the direction of the flow of charge. The arrows at the sides of
the propagator lines represent the momentum direction.
The operators O±‖ = [1± (sign(qfB))iγ1γ2] /2 project
onto the longitudinal space. It can be shown that when
the three propagator lines each contain an operator O±‖ ,
the amplitude M˜ vanishes. This means that, in order
to consider the dominant contribution for magnetic field
gluon fusion induced photon emission, one of the quark
propagators needs to be in the 1LL and the other two in
the LLL. Selection rules of this sort have been discussed
in the context of photon splitting in magnetic fields in
Ref. [25]. The amplitude for the process is depicted in
Fig. 1, where the double lines are meant to represent that
the corresponding propagator is in the 1LL. The ampli-
tude becomes
M˜ = 8i(2π)4δ(4) (q − k − p) δcd|qf |g2
×
∫
d4r
(2π)4
d4s
(2π)4
d4t
(2π)4
×
∫
d4w d4le−il(r−t−k)e−iw(r−s+p)
× exp
{
−i |qfB|
2
ǫmjwmlj
}
exp
{
−r
2
⊥ + s
2
⊥ + t
2
⊥
|qfB|
}
× Tr
γ1γ2γα 6 t⊥γν 6r‖γ
‖
µ 6s‖
r2‖s
2
‖
(
t2‖ − 2 |qfB|
) + γ1γ2γµ 6s⊥γα 6 t‖γ‖ν 6r‖
t2‖r
2
‖
(
s2‖ − 2 |qfB|
)
+
γ1γ2γν 6r⊥γµ 6s‖γ‖α 6 t‖
s2‖t
2
‖
(
r2‖ − 2 |qfB|
)
 ǫµ(λp)ǫν(λk)ǫα(λq). (8)
To carry out the integrations in Eq. (8), we simplify the
denominators considering that 2|qfB| ≫ t2‖, s2‖, r2‖. Re-
call that the square of the parallel components of a vec-
tor pµ is given by p2‖ = p
2
0 − p23, this difference is small
when looking at central rapidity, thus the approximation.
Since the majority of the gluons in the shattered glasma
have momenta much less than Λs, this is a good work-
ing approximation. After a lengthy but straightforward
calculation, the matrix element can be written as
M˜ = −i(2π)4δ(4) (q − k − p) |qf |g
2δcdef(p⊥,k⊥)
32π(2π)8
×
{(
1
2
gµα‖ −
pµ‖p
α
‖
p2‖
)
hν(a)−
(
1
2
gµν‖ −
pµ‖p
ν
‖
p2‖
)
hα(a)
+
(
1
2
gµν‖ −
kµ‖ k
ν
‖
k2‖
)
hα(b)−
(
1
2
gαν‖ −
kα‖ k
ν
‖
k2‖
)
hµ(b)
+
(
1
2
gαν‖ −
qα‖ q
ν
‖
q2‖
)
hµ(c)−
(
1
2
gµα‖ −
qµ‖ q
α
‖
q2‖
)
hν(c)
}
× ǫµ(λp)ǫν(λk)ǫα(λq), (9)
with hµ(a) = (i/π)ǫija
igjµ⊥ , ai = pi + 2ki − iǫimpm, bi =
2pi − ki − iǫimkm, ci = pi − ki + iǫim(pm + km) and
f (p⊥, k⊥) =
1
8|qfB| (pm − km + iǫmj(pj + kj))
2
− 1
2|qfB|
(
p2m + k
2
m + 2iǫjmpmkj
)
, (10)
where g⊥ = diag(1, 1) and g‖ = diag(1,−1) are the
metric tensors in the transverse and longitudinal spaces.
Equation (9) represents the leading order matrix element
contribution in qfB to photon production from gluon fu-
sion in the shattered glasma. Notice that this matrix
element is not transverse, in the sense that when one re-
places only one or two of the three polarization vectors
by the corresponding momenta, the contraction does not
yield a vanishing result. Nevertheless, it can be checked
that if the three polarization vectors are replaced by their
corresponding momenta, one does obtain a vanishing re-
sult. This is a nontrivial property of the above matrix
element which arises because one of the three propagators
is in the 1LL.
In order to find the photon production probability we
square the matrix element in Eq. (9) and average over
initial gluon and sum over final photon polarizations
1
4
∑
pol
|M˜|2 = (2π)4δ(4) (q − k − p)Vτs 1
4
∑
pol
|M|2, (11)
where Vτs is the space-time volume where the process
takes place. We find explicitly
1
4
∑
pol
|M|2 = q
2
fαemα
2
s
(2π)ω2q
(
ω2p + 3ω
2
k
)
q2⊥
× exp
{
− q
2
⊥
qfBω2q
[
ω2p + ω
2
k − ωpωk
]}
.(12)
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FIG. 2. (a) Difference between PHENIX photon invariant
momentum distribution [7] and direct (points) or direct mi-
nus prompt (zigzag) photons from Ref. [16] compared to the
yield from the present calculation. (b) Harmonic coefficient
v2 combining the calculation of Ref. [16] and the present cal-
culation compared to PHENIX data [8]. Curves are shown
as functions of the photon energy for central rapidity and the
centrality range 20-40%. Only the experimental error bars
are shown. The bands show variations of the parameter eB
within the indicated ranges and computed with αs = 0.3,
Λs = 2 GeV, η = 3, ∆τs = 1.5 fm, R = 7 fm, β = 0.25 and
χ = 0.8.
In writing Eq. (12) we have already used that, in order
to satisfy energy and momentum conservation for mass-
less gluons and photons, the four-momenta pµ = (ωp, ~p),
kµ = (ωk, ~k) and q
µ = (ωq, ~q) satisfy
pµ = ωp(1, pˆ) = (ωp/ωq) q
µ,
kµ = ωk(1, kˆ) = (ωk/ωq) q
µ, (13)
which means that for the reaction to take place, both
gluons are required to have parallel momenta and the
produced photon to move in the original gluons’ direc-
tion. When the mediums dispersive properties are ac-
counted for and thus the magnetic field-dependent re-
fraction index is included, gluons and photons are not
collinear anymore. A calculation of the effect of such dis-
persive properties is currently being performed and will
soon be reported elsewhere.
The invariant photon momentum distribution is thus
given by
ωq
dNmag
d3q
=
χV∆τs
2(2π)3
∫
d3p
(2π)32ωp
∫
d3k
(2π)32ωk
n(ωp)n(ωk)
× (2π)4δ(4) (q − k − p) 1
4
∑
pol,f
|M|2, (14)
where we have included the sum over the three consid-
ered flavors and n(ω) represents the distribution of glu-
ons coming from the shattered glasma. Also, we have
introduced a factor χ, to account for the fact that the
overlap region in a semi-central collision is not the full
nuclear volume. We use for this distribution a simple
model that accounts for the high occupation gluon num-
ber given by [12, 26]
n(ω) =
η
eω/Λs − 1 , (15)
where η represents the high gluon occupation factor and
Λs is, as before, the saturation scale. Also, in order
to account for the sudden change in pressure between
the interaction region and vacuum when the glasma is
shattered, we introduced a flow velocity factor whose
effect is to shift the gluon energies in the product of
the matrix element with the gluon distributions, that is,
ωp,k → (p, k) · u. For simplicity we allow for a constant
flow velocity uµ = γ(1, β), with γ = 1/
√
1− β2. A flow
velocity that can be developed during the early stages
of the collision even in out-of equilibrium processes has
been discussed previously, for instance, in Ref. [12].
In order to explicitly compute the photon distribution
and the coefficient v2, recall that the magnitude of the
photon’s momentum transverse (to de direction of the
magnetic field), q⊥, is obtained projecting the magnitude
of the photon momentum with sin(θ), where θ is the an-
gle between the magnetic field direction and the photon
direction of motion. In order to refer q⊥ to the reaction
plane, we use that sin(θ) = sin(π/2−φ) = cos(φ), where
φ is the angle between the photon’s momentum and the
reaction plane. The azimuthal distribution with respect
to the reaction plane can be given in terms of a Fourier
decomposition as
dNmag
dφ
=
Nmag
2π
[
1 +
∞∑
i=1
2vn(ωq) cos(nφ)
]
, (16)
from where, together with Eq. (14), the coefficient v2(ωq)
can be extracted. The total number of photons, Nmag is
Nmag =
∫
d3q
(2π)3
dNmag
d3q
. (17)
Figure 2(a) shows the difference between PHENIX
data [7] for the invariant momentum distribution and the
state-of-the-art hydrodynamical calculation of Ref. [16].
The points represent the difference between PHENIX
data and direct photons. To get a rough estimate of the
uncertainty in this subtraction, we also show with the
zigzag curve the difference between PHENIX and direct
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FIG. 3. (a) Difference between PHENIX photon invariant
momentum distribution [7] and direct (points) or direct mi-
nus prompt (zigzag) photons from Ref. [16] compared to the
yield from the present calculation. (b) Harmonic coefficient
v2 combining the calculation of Ref. [16] and the present cal-
culation compared to PHENIX data [8]. Curves are computed
with the same set of parameters as Fig. 2 but with β = 0.
minus prompt photons. Figure 2(b) shows the harmonic
coefficient v2, using the direct photon result of Ref. [16]
together with our calculation, also compared to PHENIX
data [8]. The curves are shown as functions of the pho-
ton energy for central rapidity and the centrality range
20-40%. Only the experimental error bars are shown.
Notice that v2 is a weighed average namely,
v2(ωq) =
dNmag
dωq
(ωq) v
mag
2 (ωq) +
dNdirect
dωq
(ωq) v
direct
2 (ωq)
dNmag
dωq
(ωq) +
dNdirect
dωq
(ωq)
,
(18)
where dNdirect/dωq and v
direct
2 are the (ωq-dependent)
spectrum and second harmonic coefficient of direct pho-
tons from Ref. [16], respectively. For the calculations we
work with αs = 0.3, (gs = 2), Λs = 2 GeV, η = 3,
∆τs = 1.5 fm, V = (4πR3)/3, with R = 7 fm (corre-
sponding to the Au nuclear radius), β = 0.25, χ = 0.8
and a field intensity eB in the range m2π < eB < 3m
2
π,
which corresponds to the values at τ ≃ 0.5 fm. To quan-
tify the systematic effects of the flow factor, Fig. 3 shows
the calculation with the same set of parameters as in
Fig. 2 but with β = 0. Notice that the calculation with-
out the flow factor becomes shallower for higher energies
than when this factor is included, both for the yield and
v2. This is to be expected since flow produces a blue
shift in the spectra. The absence of the flow factor also
produces a less steep rise of v2 for small energies.
As can be seen from Figs. 2 and 3, the excess photon
yield and v2 coming from magnetic field induced gluon
fusion helps to better describe the experimental data hav-
ing as a baseline a state-of-the-art calculation accounting
for many of the well described sources of photons. The
effect on the photon yield is to increase the distribution
and at the same time shift it to higher photon energy val-
ues. For the case of v2, the agreement of the calculation
with data is particularly good in the lowest part of the
spectrum since it describes well the observed experimen-
tal fall between 0.5 and 1 GeV. This fall has received little
attention and in our approach it is due to the rise and fall
of the v2 distribution that peaks for energy values of the
order of
√
eB. For the energy region above 1 GeV the
calculation falls short of data. This may be due to the
fact that the gluon distribution we used does not contain
a power-like tail which is known to better describe the
numerical solutions for this kind of distribution [26].
The picture that emerges is as follows: In a semi-
central high-energy heavy-ion collision, a magnetic field
of a large intensity is produced. The time scales when this
field is the most intense are also the scales associated to
the production of a large number of small momentum glu-
ons coming from the shattering of the glasma. The mag-
netic field provides the mechanism to allow that these
shattered gluons fuse and convert into photons in ex-
cess over other well studied mechanisms that may happen
during the entire evolution of the system. The magnetic
field also provides an initial asymmetry for the develop-
ment of an azimuthal anisotropy quantified in terms of a
substantial v2, particularly at low photon momenta. The
spectrum and the azimuthal anisotropy are a bit hard-
ened if one considers a simple expansion scenario whose
physical origin is the sudden change in pressure for the
liberated glue from within the interaction region and the
outside vacuum.
In conclusion, we have shown that perturbative gluon
fusion is a channel opened by the presence of a magnetic
field (of a realistic intensity) at the early stages of a high-
energy heavy ion collision, that can contribute to better
describe the yield and v2 of photons at the lowest end of
the spectrum. A more detailed systematic study of the
calculation here shown is in preparation and will be soon
reported elsewhere.
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